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HIGHLIGHTS 


•  Methanogen  pretreatment  changed  remarkably  pyrolysis  product  distribution  in  bio-oil. 

•  After  biopretreatment,  the  phenols  content  increased  from  42.25%  to  79.32%. 

•  Methanogen  pretreatment  improved  the  pyrolysis  selectivity  of  CS  for  4- VP. 

.  Biopretreatment  increased  the  4-VP  content  from  28.6%  to  60.9%  in  bio-oil. 

.  Effects  of  biopretreated  time  on  pyrolysis  product  distribution  were  insignificant. 
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After  pretreated  by  methanogen  for  5,  15  and  25  days,  corn  stalk  (CS)  were  pyrolyzed  at  250,  300,  350, 
400, 450  and  500  °C  by  Py-GC/MS  and  product  distribution  in  bio-oil  was  analyzed.  Results  indicated  that 
methanogen  pretreatment  changed  considerably  the  product  distribution:  the  contents  of  sugar  and 
phenols  increased;  the  contents  of  linear  carbonyls  and  furans  decreased;  the  contents  of  linear  ketones 
and  linear  acids  changed  slightly.  Methanogen  pretreatment  improved  significantly  the  pyrolysis  selec¬ 
tivity  of  CS  to  phenols  especially  4-VP.  At  250  °C,  the  phenols  content  increased  from  42.25%  for  untreated 
CS  to  79.32%  for  biopretreated  CS  for  5  days;  the  4-VP  content  increased  from  28.6%  to  60.9%.  Increasing 
temperature  was  contributed  to  convert  more  lignin  into  4-VP,  but  decreased  its  content  in  bio-oil  due  to 
more  other  chemicals  formed.  The  effects  of  biopretreatment  time  on  the  chemicals  contents  were 
insignificant. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Pyrolysis  is  one  of  the  most  important  thermo-chemical  tech¬ 
nologies  to  utilize  biomass  such  as  wood  wastes  and  agricultural 
residues.  Biomass  was  converted  into  bio-oil,  bio-char  and  bio¬ 
gas  by  using  pyrolysis  technology.  Compared  to  other  reactors,  flu¬ 
idized  bed  reactor  given  the  most  potential  in  converting  biomass 
into  bio-oil  due  to  rapid  devolatilization,  high  heating  rate  (Amutio 
et  al.,  2013;  Chang  et  al.,  2013;  Heidari  et  al„  2014).  The  bio-oil  was 
not  only  used  as  an  alternative  to  petroleum,  but  included  some 
high-valuable  chemicals  such  as  5-hydroxymethyl  furfural  (HMF) 
(Torri  et  al.,  2010),  levoglucose  (LG)  (Dobele  et  al.,  2005),  levoglu- 
cosenone  (LGO)  (Shen  et  al.,  2010)  and  4-vinyl  phenol  (4-VP)  (Qu 
et  al.,  2013).  These  had  been  given  much  attention  in  last  decades. 


*  Corresponding  author.  Tel.:  +86  10  61772060;  fax:  +86  10  61772031. 
E-mail  address:  wtp_771210@yahoo.com.cn  (T.  Wang). 

http://dx.doi.Org/10.1016/j.biortech.2014.07.074 
0960-8524/©  2014  Elsevier  Ltd.  All  rights  reserved. 


The  chemical  components  of  biomass  are  very  complex,  which 
result  in  a  complex  mixture  of  crud  bio-oil,  including  hundreds 
of  organic  compounds  and  most  of  them  in  low  contents.  So  it 
was  difficult  to  obtain  pure  chemicals  from  bio-oil.  To  improve 
the  pyrolysis  selectivity  of  biomass  to  specific  chemicals,  some 
methods  such  as  pretreatment  and  catalytic  pyrolysis  had  been 
developed.  The  results  of  catalytic  pyrolysis  indicated  that  HZSM- 
5  increased  the  yield  of  aromatic  hydrocarbons  from  0.9  wt.%  to 
25.8  wt.%  (Suchithra  et  al.,  2012);  zeolites  has  more  selectivity  of 
alcohols  and  phenols  than  alkaline  catalysts  (Leng  et  al.,  2013; 
Wang  et  al.,  2010);  ZnCl2  can  maximize  the  furfural  yield  in 
pyrolysis  (Lu  et  al.,  2011). 

In  our  previous  study,  corn  stalk  (CS)  was  pretreated  by 
methanogen  and  then  pyrolysis  behaviors  were  analyzed  by  ther- 
mogravimetric  analysis  (TGA)  and  pyrolysis-gas  chromatograph/ 
mass  spectrometry  (Py-GC/MS)  analysis  (Wang  et  al.,  2014).  The 
results  indicated  that  compared  with  untreated  CS,  the  4-VP  con¬ 
tent  in  bio-oil  increased  remarkably  from  6.83%  to  13.63%  at 
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500  °C.  On  the  other  hand,  methanogen  pretreatment  improved 
the  pyrolysis  selectivity  of  CS.  However,  up  to  now,  the  pyrolysis 
product  distribution  of  CS  pretreated  by  methanogen  with  temper¬ 
ature  is  still  unknown.  So,  in  this  paper,  biopretreated  CS  like  the 
literature  (Wang  et  al.,  2014)  as  feedstock  was  pyrolyzed  at  250 
to  500  °C  by  the  Py-GC/MS  and  then  product  distribution  in  bio¬ 
oil  was  evaluated. 

2.  Methods 

2.3.  Methanogen  pretreatment  of  CS 

CS  and  biopretreatment  method  were  the  same  with  our  previ¬ 
ous  study  (Wang  et  al.,  2014).  The  CS  (1  -2  cm  in  diameter)  and  the 
concentrate  (including  methanogen  from  fermentation  of  a  Tianjin 
cattle  manure)  were  sealed  a  reactor  (1800  ML)  and  fermented  for 
5,  15  and  25  days,  respectively.  Methane  produced  during  the  fer¬ 
mentation  was  removed  timely  by  an  air  pump.  The  fermentation 
conditions  were:  total  solid  (TS)  12%,  fermentation  temperature 
38  °C  and  C/N  25:1.  After  fermentation,  the  samples  were  dried 
directly  and  stored  in  a  bag.  The  chemical  composition  analyses 
of  the  samples  were  analyzed  according  to  ASTM  El 758-01. 

2.2.  Py-GC/MS  analysis 

The  fast  pyrolysis  tests  were  conducted  with  a  CDS  Pyroprobe 
5200HP  pyrolyser  (Chemical  Data  Systems)  connected  with  a  GC/ 
MS  (Perkin  Elmer,  Clarus  560)  like  the  literature  (Wang  et  al., 
2014).  In  experiment,  0.3  mg  sample  was  filled  in  a  pyrolysis  tube 
and  then  pyrolyzed  at  250,  300,  350,  400,  450,  and  500  °C  respec¬ 
tively  for  20  s  with  a  heating  rate  of  20  °C/ms.  The  volatile  products 
were  analyzed  online  by  GC/MS.  The  temperatures  of  transfer  line 
and  injector  were  kept  at  280  °C.  A  TR-35MS  capillary  column 
(30  m  *  0.25  mm  i.d.,  0.25  pm  film  thickness)  was  used  to  separate 
the  volatile  products.  As  carrier  gas,  helium  (99.999%)  was  with  a 
flow  rate  of  1  mL/min  and  a  split  ratio  of  1:80.  During  analysis, 
the  GC  oven  was  heated  from  40  to  180  °C  with  a  heating  rate  of 


10°C/min  for  2  min,  and  then  to  280  °C  with  a  heating  rate  of 
15  °C/min  for  2  min.  The  MS  including  a  MCP  detector  was  oper¬ 
ated  in  El  mode  at  70eV  and  the  GC/MS  interface  was  held  at 
280  °C.  The  NIST  library  and  other  literatures  were  used  to  identify 
the  pyrolytic  products. 

3.  Results  and  discussions 

3.1.  Effects  of  biopretreatment  time  and  pyrolysis  temperature  on 
product  distribution 

By  GC/MS  analysis,  all  the  identified  chemical  compounds  were 
classified  into  six  groups,  including  sugar  (LG,  LGO,  etc.),  linear  car¬ 
bonyls  (hydroxyacetaldehyde,  HAA;  l-hydroxy-2-propanone,  HA, 
etc.),  linear  acids  (acetic  acid,  AA;  (acetyloxy)  -  acetic  acid,  etc.), 
linear  ketones  (2-propanone,  1-hydroxy,  etc.),  phenols  (phenol, 
4- VP,  etc.),  furans  (furfural,  FF;  HMF,  etc.).  At  250  °C,  sugar,  linear 
carbonyls,  linear  acids,  linear  ketones  were  not  produced  in  bio¬ 
oil  from  all  samples;  furans  content  was  27.23%  from  the  untreated 
CS  and  was  zero  from  biopretreated  CS  (Fig.  1 ).  With  an  increase  of 
pyrolysis  temperature,  sugar  content,  linear  carbonyls  content,  lin¬ 
ear  ketones  content  increased  firstly  and  then  decreased  in  the  bio¬ 
oil  from  untreated  CS;  linear  acids  and  phenols  contents  decreased 
respectively.  After  biopretreatment,  sugar  content  (at  low  450  °C) 
and  phenols  content  increased;  linear  carbonyls  content  and  furans 
content  decreased;  linear  acids  content  decreased  firstly  and  then 
increased;  linear  ketones  content  showed  different  change  trend 
depending  on  the  pretreatment  time.  Linear  ketones  content 
increased  with  an  increase  of  pyrolysis  temperature  from  the  pre¬ 
treated  CS  for  5  days;  however,  it  increased  firstly  and  then 
decreased  from  the  pretreated  CS  for  15  days  and  25  days,  and 
the  decrease  was  observed  when  the  pyrolysis  temperature  was 
over  450  °C.  The  effects  of  biopretreatment  time  on  the  six  group 
chemicals  contents  were  insignificant.  From  Fig.  1,  phenols  were 
the  major  component  in  bio-oil  at  every  pyrolysis  temperature. 
Phenols  content  from  untreated  CS  was  42.25%  and  that  was 
79.32%  from  biopretreated  CS  for  5  day  at  250  °C.  Biopretreatment 


Temperature,  °C 


-  untreated  CS, 


-  biopretreatment  for 


5  days  biopretreatment  for  1 5  days,-X-  biopretreatment  for  25  days 


Fig.  1.  Effects  of  pyrolysis  temperature  and  biopretreatment  time  on  product  distribution  in  bio-oil  from  CS  fast  pyrolysis. 
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Fig.  2.  Effects  of  pyrolysis  temperature  and  biopretreatment  time  on  the  yield  and  content  in  bio-oil  of  4- VP. 


improved  significantly  the  pyrolysis  selectivity  of  CS  to  phenols 
especially  at  250  °C. 

In  bio-oil,  sugar  are  from  the  pyrolysis  of  cellulose  (Shen  et  al., 
2010),  linear  carbonyls,  linear  ketones  and  linear  acids  are  from  the 
pyrolysis  of  cellulose  and  hemicellulose  (Dong  et  al.,  2012;  Shen 
and  Gu,  2009);  phenols  are  from  the  pyrolysis  of  lignin;  furans 
are  from  the  pyrolysis  of  hemicellulose,  cellulose  and  extractive 
compounds  (Lu  et  al.,  201 1 ;  Wu  et  al.,  2003).  The  degraded  temper¬ 
ature  of  extractive  compounds,  hemicellulose,  cellulose  and  lignin 
are  at  a  range  of  160-230  °C,  230-280  °C,  280-400  °C  and  200- 
400  °C,  respectively  (Wang  et  al.,  2014).  During  the  biodegradation, 
extractive  compounds  (fructose,  etc.)  were  degraded  firstly.  So  at 
250  °C,  it  was  main  the  lignin  pyrolyzed  in  feedstock,  which 
resulted  in  the  most  content  of  phenols  in  bio-oil.  With  an  increase 
of  temperature,  hemicellulose  and  cellulose  were  also  degraded 
largely  to  form  more  compounds,  which  resulted  in  the  decrease 
of  phenols  content  and  the  increase  of  other  chemicals  content. 

3.2.  Effects  of  biopretreatment  time  and  pyrolysis  temperature  on  4-VP 

4-VP  is  a  high-valuable  and  important  chemical  and  is  widely 
used  in  applications  such  as  food,  printing  ink,  rubber  and 
medicine.  Its  content  is  the  most  in  the  phenols  (Fig.  2b).  Due  to 
not  allowing  product  collection,  the  exact  4-VP  yield  cannot  be 
obtained  by  Py-GC/MS  experiment.  However,  its  yield  changes 
could  be  estimated  through  a  comparison  of  the  total  chromato¬ 
graphic  peak  area  (Fig.  2a).  With  an  increase  of  pyrolysis  tempera¬ 
ture,  more  lignin  was  degraded  and  the  4-VP  yield  increased.  This 
indicated  that  high  pyrolysis  temperature  is  advantage  to  convert 
lignin  into  4-VP.  With  an  increase  of  biopretreatment  time  from 
5  to  25  days,  the  4-VP  yield  increased.  But  the  effects  of  biopre¬ 
treatment  time  on  the  4-VP  yield  were  limit.  After  biopretreated 
for  5  days,  the  4-VP  yield  increased  from  6.0  x  107  to  1.2  x  10s. 
However,  it  was  only  1.5  x  10s  from  the  CS  pretreated  for  25  days. 

Hemicellulose,  cellulose  and  lignin  all  are  the  three  main  com¬ 
ponents  of  biomass.  The  hemicellulose  and  cellulose  are  carbohy¬ 
drate  component  and  lignin  is  non-carbohydrate  component. 
Comprising  a  complex  and  three-dimensional  structure,  lignin  sur¬ 
rounds  closed  the  hemicelluloses  and  the  cellulose.  Combining 
with  other  chemical  components,  a  remarkable  complex  structure 
is  formed  in  biomass  cell  wall.  Extractive  compounds,  hemicellu¬ 
lose  and  cellulose  are  biodegraded  easier  by  methanogen,  but  lig¬ 
nin  is  difficult.  With  an  increase  of  biodegradation  time,  more 
and  more  extractive  compounds,  hemicellulose  and  cellulose  were 


degraded,  which  resulted  in  an  increase  of  lignin  content  (Wang 
et  al.,  2014),  and  the  lignocellulose  structure  of  CS  was  destructed, 
which  resulted  in  more  lignin  exposed.  So,  lignin  was  degraded 
easier  and  more  4-VP  was  produced,  which  could  be  the  main  rea¬ 
son  that  the  4-VP  content  increased  from  28.6%  for  untreated  CS  to 
60.9%  (Fig.  2b)  for  biopretreated  CS  for  5  days.  However,  with  an 
increase  of  pyrolysis  temperature,  hemicellulose  and  cellulose 
started  to  degrade  largely  into  sugar,  linear  carbonyls,  linear  acids, 
linear  ketones,  furans  and  other  chemicals.  This  was  the  main  rea¬ 
son  of  a  decrease  of  4-VP  content  with  an  increase  of  pyrolysis 
temperature  (Fig.  2b),  although  the  4-VP  yield  increased. 

4.  Conclusions 

Methanogen  pretreatment  changed  considerably  the  product 
distribution  in  CS  pyrolysis  bio-oil.  After  biopretreatment,  the  con¬ 
tents  of  sugar  and  phenols  increased;  that  of  linear  carbonyls  and 
furans  decreased;  the  contents  of  linear  ketones  and  linear  acids 
changed  slightly.  The  effects  of  biopretreatment  time  on  the  chem¬ 
icals  contents  were  insignificant.  Methanogen  pretreatment 
improved  the  pyrolysis  selectivity  of  CS  to  phenols  especially 
4-VP.  At  250  °C,  the  phenols  content  increased  from  42.25%  for 
untreated  CS  to  79.32%  for  CS  biopretreated  for  5  days;  the  4-VP 
content  increased  from  28.6%  to  60.9%.  Increasing  temperature 
enhanced  the  4-VP  yield,  but  decreased  its  content  in  bio-oil. 
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